














































































Material thickness is obviously important; not only will heat pene­
trate more uniformly through a thin body, but also the body will become 
hotter due to its lower thermal inertia. 

5.2 AFFECT OF SURFACE �~�O�I�S�T�U�R�E� 

Liquid water was undoubtly present on some surfaces just prior to 
the burn and would have an important effect on the final temperature 
reached because of heat absorbed by evaporation. Based on the time­
temperature history for upper containment, it was estimated that a water 
film approximately 0.5 mm (0.02 in.) thick would absorb the entire heat 
load by evaporation. Therefore, objects that were wet by water (con­
densed steam from the PRV discharge) would not be heated nearly as much 
as similar objects that were dry at the time of the burn. 

5.3 REPRESENTATIVE HEATING CALCULATIONS 

The transient heat conduction equation was solved by minicomputer 
for a �f�e�~� representative cases. One-dimensional slabs, heated from one 
side and insulated on the other, were divided into nine equally spaced 
nodes and subjected to heat fluxes based on the temperature-time pro­
files and heat transfer coefficients �d�i�s�c�~�s�s�e�d� in Section 4.0. This is 
identical to heating a slab of twice the thickness from both sides. 
Five cases that were analyzed are described in Table 5-1. Gas tempera­
tures were taken from Figure 4-2 with peak temperatures extended to 
7880C (14000 F) in each case, above and below elevation 347. 

TABLE 5-1. Heat Transfer Cases Analyzed. 

Thickness Position in Case number Materi a 1 containment mm in. 

1 Painted carbon steel 6.4 0.25 +347 

2 Wood >9.5 >0.375 +347 - -
3 Wood 3.2 0.125 +347 

4 Wood 3.2 0.125 -347 

5 Wood >9.5 >0.375 -347 - --

Surface temperatures predicted for the five cases described in 
Table 5-1 are shown graphically in Figure 5-1. 
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FIGURE 5-1. Surface Temperatures Predicted for Plywood and Painted Carbon 
Steel Exposed on Both Sides. 

37 

t) 
0 

W 
II: 
:::> r-
c( 
a:: 
w 
Il. 
;::!; 
W r-
w 
t) 
c( 
LL 
a:: 
:::> 
en 



-----------------, ,----"' .... ,,".:,". 

As indicated by the curves of Figure 5-1, the surface temperatures 
achieved during the 60 sec period depend strongly on material properties" 
thickness, and location in containment. Thin materials [3.2 mm (1/8 in. 
heated from both sides or equivalently 1.6 mm (1/16 in.) heated from 
one side] can develop much higher surface temperatures than thicker 
slabs of the same material. ,Interestingly, wood sheets thicker than 
9.5 mm (3/8 in.) had the same surface temperatures. The reason is that 
the heat was unable to penetrate more than 4.8 mm (3/16 in.) in the 
60 sec period. Therefore, thicker wood sections would exhibit the same 
surface temperatures shown for 9.5 mm (3/8 in.) boards. 

The carbon steel slab increased in temperature much less than wood. 
Most of the temperature increase shown in Figure 5-1 for carbon steel 
actually was across the 0.25 mm (0.010 in.) layer of paint. 

The lower surface temperatures achieved by wood sheets in low 
regions of the containment (-347 ft elevation) simply reflects the 
faster falloff of gas temperatures in this region. As noted in 
Section 4.0, the higher surface/volume ratio in lower containment 
regions causes the postburn temperature to decay faster in those 
regions. Therefore, less burn damage would be expected in lower parts 
of the containment than in upper regions. 

Temperature prof;"cs through three slabs at 8 sec after burn initi­
atio~ are ~llustrated in Figure 5-2. As indicated by the curves of 
Figure 5-2. thin sections are heated to higher temperatures than thick 
ones. Large temperature gradients can develop in wood, but in steel 
the heat flux is too low to cause large gradients. A temperature drop 
of approximately 500 F is experienced across the paint [0.25 mm (0.010 in. 
thick)] at 8 sec, illustrating its low thermal conductivity compared to 
steel [0.26 W/m·K (0.15 Btu/hrOF ft) versus 45 W/m·K (26 Btu/hroF ft)]. 

These calculations are presented to illust~ate important aspects 
of transient heating of materials exposed to hot gases. The predictions 
would have been more accurate if the following heating/cooling effects 
had been accounted for: 

• Heat transfer effects due to condensation of water 

• Heat transfer effects due to evaporation of water 

• Energy absorption due to pyrolysis of heated materials 

• Energy absorption due to phase changes of heated materials 

• Energy addition due to combustion. 

5.4 DISCUSSION OF OBSERVED BURN DAMAGE 

A first generalization that should be stated is that overall, ~ittle 
apparent damage to the containment was caused by the hydrogen burn. 
Massive structures appear largely unaffected; noticeable damage is con­
fined to thin organic-based materials, such as plastiCS, paper, and 
wood. 

38 



LL. 
0 

ui 
a: 
:J 
~ 
c( 
a: 
w 
Il. 
~ 
w 
~ 

600 

300 

500 

250 

3.2mm (1/8-IN.) WOOD SHEET 
/ 

400 
200 

300 150 

100 
200 

12.7mm (1/2-IN.) PAINTED STEEL 

/'NIT'AL TEMPERATURE 
50 

100~--~----~- ___ L-____ I~ __ ~ ____ _L ____ ~ ____ ~ ____ L_ __ ~I 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

DISTANCE FROM SUFIFACE. FRACTION OF HALF-THICKNESS 
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Materials in Upper Containment Being Heated from Both Sides. 
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The effect of elevation in the containment is illustrated in Fig­
urp5 53 and 5-4. The telephones shown in these two photographs are 
from elevations 347 and 305, respectively. The significantly greater 
damage at 347 is consistent with the higher gas temperature history 
(time and temperature) at the higher elevation. Note that the cord on 
the telephone at elevation 305 (Figure 5-4) has suffered damage, indi­
cating that an appreciable temperature spike occurred at that level. 
Also note that the section of the coiled cord on the table adjacent to 
the phone in Figure 5-3 appears to be undamaged, except for slight 
scorching at the top of each co11. This demonstrates that temperatures 
are lower where convection currents are minimized and the heat-transfer­
surface-area to gas-volume ratio is high. 

Discussions with TMI personnel have indicated that burn damage 
appears to vary with the angu-Iar position in the containment at eleva­
tions 305 and 347, with least damage bein9 seen on the westward side. 
This observation is explainable in terms of wetness in this region. 
Steam released from the PRV apparently entered upper containment volumes 
through the open stairway (No.1) located on that side. The steam left 
the RCDT in a saturated state and would have wet cool surfaces by con­
densation. Indeed, temperature sensor 13, which is located in the 
vicinity of the stairway, end sensor 6, which is located at the west 
end of the air cooler, exhibited significant subcooling after each PRV 
closure. This subcooling is indicative of a condensed water film depos­
ited during steam discharge periods. Because liquid water would sup­
press temperature rises of materials, burn damage would be a strong 
function of local wetness. Generally, the region near the No.1 stair­
way (west side) would be expected to be most protected by water, and 
this is consistent with the observations. 

Figures 5-5 and 5-6 illustrate local damage effects that are con­
sistent with expectations. In Figure 5-5, wooden scaffolding boards 
(at elevation 347) are shown from below, and indicate a minor degree of 
charring. Tape that held the plastic protected the wood, leaving the 
unburned marks. In Figure 5-6, a manual is charred mainly on upper 
parts which were exposed to hot gas. The lower part, which was in con­
tact with a steel box, apparently suffered less damage. Both of these 
examples are consistent with heating over a brief time period. 

Mechanical damage caused by the pressure pulse was minimal. How­
ever, as shown in Figure 5-7, 55-gal drums were partially collapsed by 
the external pressure. Two of the drums suffered little distortion, 
and it can be concluded that they were either full or not sealed. Also 
shown in Figure 5-7 is an air duct which was not damaged by the pressure 
pulse. Numerous other pictures of air ducts are shown in Reference 6 
and in no case is observable mechanical damage apparent. The drums 
were not damaged predominantly on one side or tipped over by the pres­
sure pulse. This drum damage and lack of duct damage is consistent 
with a pressure pulse that developed over seconds (i.e., from a defla­
gration) but is not consistent with the passage of a detonation wave. 
This supports the view that a detonation did not take place in TMI-2. 
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FIGURE 5-3. Close-up of Bell Telephone. 

FIGURE 5-4. Gai-tronic TRlephone and Elevator Door. 
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FIGURE 5-5. Scaffolding. 
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FIGURE 5-6. Charred Manual Lying on Top of Electrical Box. 
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FIGURE 5-7. Fifty-Five Gallon (0.21 m3) Drums Between Enclosed 
Stairwell and Air Duct. 

In summary, the burn damage observed in post-accident entries 
appears to be fully cunsistent with expectations based on the burn 
scenario described herein. Key aspects follow. 

• Higher temperatures would be expected in upper containment 
regions because burn efficiency was highest (radiant preheating 
in open volume, slightly higher hydrogen concentrations, more 
turbulent mixing) and cooldown w~s slowest (lower heat transfer 
area to gas volume ratio). 

• Thin plastics, paper, wood, and plastic or rubber electrical 
insulation would be most susceptible because of the heat trans­
fer characteristics of these materials and their ability to 
char or ignite. Thick sections of these materials would be 
much less affected. 

• Surfaces wet by steam condensate (west side) would not be 
much affected because of energy absorbed by vaporization. 

• Local geometries that would inhibit convection currents or 
cool the gas locally would minimize peak temperatures reached 
in the materials. 
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• Combustible materials, such as paint, in close contact with, 
and particularly when bonded to, good heat conductors should 
not have been significantly affected by the burn transient. 

• The thermal transient resulted from a general burn of hydrogen, 
not a detonation. 
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6.0 POSTBURN HYDROGEN 

The calculations discussed previously indicate that there was 1.1% 
hydrogen remaining in containment after the hydrogen burn. Most of 
this was probably in compdrtments below the 305 elevation floor, but 
would disperse rapidly. The pressur~ spike, indicated by the OTSG B 
pressure data at 13:50:41, appears to have been due to a relatively 
large afterburn below the 305 elevation floor near the east side of the 
containment. The pressure impulse affected the OTSG A pressure, 
measured about 30 m (100 ft) west of OTSG B, as a delayed wave. This 
delay should be expected since the D-rings and a number of compartments 
separate the two reference pressure sensing points. 

At 14:01 the PRV was again opened for a little more than 1 hr. 
This opening depressurized the RCS to its lowest pressure, about 
345 kPa (50 psi) lower than it had previously been that day. This 
caused an additional estimated 0.6% hydrogen to enter containment from 
the RCS. Bet~een March 31 and April 2, another 0.5% hydrogen was 
transferred to containment. The thermal hydrogen recombincr developed 
by Rockwell International started removing hydrogen from containment on 
April 2 at 15:30. A plot of its operation and additional hydrogen 
transfers to containment are indicated in Figure 6-1. Recombiner 
operation was terminated on May 1 after it had removed 56 kg (123 lb) 
moles of hydrogen gas [and 28 kg (61 lb) moles of oxygen gas] from 
containment, and the hydrogen concentration was down to 0.7%. This 
residual hydrogen was removed from containment the following summer 
when it was vented to the atmosphere. 

The quantities of hydrogen added to and removed from containment 
are summarized in Table 6-1. A calculated total of 229 kg (505 lb) 
moles or 459 kg of hydrogen gas entered and was removed from 
containment. Assuming, somewhat arbitrarily at this time, that 90% of 
the hydrugen was generated by the zirconium-steam reaction and 10% by 
rad-iolysis, about 410 kg or 205 kg (450 lb) moles of hydrogen gas were 
generated as a result of the zirconium-steam reaction. 

Since 1 mole of zirconium reacting with 2 moles of water liberates 
2 moles of hydrogen, 205 kg moles of hydrogen represents the oxidation 
of 102 kg moles or 9,300 kg (20,500 lb) of zirconium. The TMI-2 
reactor core contains a calculated 18,770 kg (41,300 lb) of zirconium 
cladding in contact with active fuel and about 23,600 kg of zirconium 
total. Therefore, the Lj~conium oxidized is equal to about 50% of the 
active fuel cladding ~eight or about 40% of the total zirconium in the 
reactor core. 
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TABLE 6-1. Containment Hydrogen Balance. 

Hydrcgen added 
Time 

Dry (%) 

03/28/79 
13:50 8.2 
13:52 
15:00 0.6 

04/01/79 0.5 

05/01/79 1.1 

07/80 

Total 

aFrom RCS. 

bHydrogen burn. 

kg 

370 

24a 

21a 

44a•c 

-
459 

Hydrogen removed 

Dry (%) kg 

7.1 319b 

2.6 112d 

0.7 28e 

459 

cFrom waste gas decay tanks and radio lysis. 
dRockwell International Hydrogen Recombiner. 
eVented to atmosphere. 

Hydrogen inventory 

Dry (%) kg 

8.2 370 
1.1 51 
1.7 75 

2.2 96 

0.7 28 

0 



.. ~ ,. ;~.} ..... : .. ~-'.';rf ;:-~'"; :.-- .. --
"'-"-'" "._'.""'-- - .................... - .•..• ---'----..:~ __ ..-;....;.;-:...-. _ • .c.... _ _ __ 

7.0 ACKNOWLEDGMENTS 

The writers acknowledge the contributions of those who provided 
data, ideas, advice, and technical assistance in the preparation of 
this report. In particular, appreciation is expressed to the following 
people for their valuable effort: 

• J. E. Flaherty, Energy Incorporated, and K. L. Imhof, GPU 
Nuclear, who provided much data in response to our many 
requests for data over a 3-yr period 

• G. Eidam, D. Reeder, and N. Pace of EG&G Irlaho, Inc. who pro­
vided photographs of burn damage and performed steady-state 
heat transfer calculations to check progressive dynamic 
calculations predicting gas-cooler outlet temperatures during 
and shortly after the hydrogen burn 

• R. S. Gagliardo, P. K. De, S. Chou, and H. Young of Burns & 
Roe who researched and provided valuable detdils about the 
HVAC system, temperature and pressure instrumentation, and 
circuitry descriptions 

• M. Smith of Rockwell Hanford Operations and M. OIRell of 
Kaiser Graphics for their support in the preparation of 
figures, tables and editing of the report. 

• Comments from the following U.S. Department of Energy (DOE)­
selected peer review group: N. Alvares, Lawrence Livermore; 
J. Cummings, Sandia; M. Hertzberg, U.S. Bureau of Mines; 
J. Jacoby, EG&G; E. Marram, Geo-centers; H. Ring, DuPont; 
F. Stetson, NUS; H. Tamm 9 AECL-WNRE, Canada; F. Tooper, 
K. Tricket and B. Washburn, DOE; K. Parczewski, U.S. NRC; 
R. Zalush, Factory Mutual. 



. , 

8.0 REFERENCES 

1. L. W. Carlson, R. M. Knight, and J. O. Henrie, Flame and Detonation 
Initiation and Propagation in Various Hydrogen-Air Mixtures, With 
and Without Water Spray, AI-73-29, Rockwell International, Canoga 
Park, California (May 1973). 

2. R. O. Wooten et al., Analysis of the Three Mile Island Accident 
a~d Alternative Seguences, NUREG/CR-1219, Battelle Columbus, Columbus, 
Oh10 (January 1980). 

3. R. K. Cole, Generation of Hydrogen During t1~ First Three Hours of 
the Three Mile Island Accident, NUREG/CR-C913, Sandia National 
Laboratories, Albuquerque, New Mexico (July 1979). 

4. Electric Power Research Institute, Suppl~ment to Analysis of Three 
Mile Island-llnit 2 Accident, NSAC-l, Palo Alto, Califor~ia 
(October 1979). 

5. G. R. Bloom et al., Hydrogen Mixing and Distribution in Containment 
Atmospheres, Electric Power Research Institute, Palo Alto, California 
(in preparation). 

6. G. R. Eidam and J. T. Haran, Color Photographs of the Three Mile 
Island Unit 2 Reactor Containment Building: Volume 1 - Entries 1, 
2, 4, 5, 6, GEND-006, EG&G Idaho, Inc., Idaho Falls, Idaho (October 
1981). 

7. W. H. Mc~dams, Heat Transmission, 3rd Edition, pp. 85, McGraw-Hill 
Book Company, New York (1954). 

51 



' . . 

APPENDIX 

CHARACTERISTICS OF A LARGE "CONSTANT VOLUME" 
HYDROGEN BURN 

In containment, a burn is considered to occur on a "constant volume" 
basis. However, if the burn occurs over a relatively long time (that 
is, many seconds), the burning of any single unit volume (i.e., I L or 
1 ft 3) occurs very rapidly and burns more on a constant pressure basis. 
Constant pressure burning is cooler than constant volume burning because 
of the "expansion-cooling" which takes place during the constant pres­
sure burn. In a closed system the energy difference between constant 
volume and constant pressure burning of a small volume of the gas goes 
into a slight compression heating of all of the remaining (burned and 
unburned) volume. Assuming no heat loss during the Three Mile Island 
(TMI-2) hydrogen burn, the initial unit volume, the middle unit volume, 
and the last unit volume to burn would have had the characteristics 
shown in Table A-I. 

The theoretical. constant volume, adiabatic end-of-burn temperature 
is 7600 C (14000 F). This temperature and the theoretical end-of-burn 
temperatures shown in Table A-I are higher than the actual temperatures 
were since heat was lost to walls and equipment during the burn. This 
was particularly true of the first unit volume to burn, since it had 
time (~12 seconds) to lose heat from its initial 5660 C (10500 F) temper­
atures, as the burn progressed and as compression heating occurred. 
The last unit volume to burn cooled at a much slower rate during the 
burning period since its temperature just before the end of the burn 
had heated (by compression) to only 1680 C (3350 F). Therefore the 
theoretical, adiabatic, temperature [8600 C (12570 F)] of the last unit 
volume to burn is probably only slightly higher than the actual temper­
ature. If preheating by radiant heat transfer is significant. the after­
burn temperature of the last unit volume to burn could actually be higher 
than the 8600 C calculated. The average containment gas temperature at 
the end of the burn calculated on the basis of measured pressure rise 
is 6600 C (120QoF). 
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TABLE A-1. Characteristics of the First, Middle, and Last Unit 
Volumes to Burn, Assuming No Heat Lost During Burn. 

Characteristic 

Pressure, KPa (psia) 

Volume occupied after compres-
sion of original volume 

Initial temperature, oC (OF) 

Temperature just prior to burn 
resulting from c(m~ression 
heating, 0C (OF) 1 

Temperature rise res~lting 
from burn, 0C (OF) 2) 

Temperature immediately after 
burning the specific unit 
volume. 0C (OF) 

Temperature at end of burn. 
after postburn compression 
heating, assuming no heat 
loss during burn. 0C (OF)(3) 

(1) T2 = (P2) KKI 
Tl PI 

First 
unit volume 

100 (15) 

1 

~;3 (128) 

!;3 (128) 

512 (922) 

566 ( 1050) 

862 (1583) 

Middle Last 
unit volume unit volume 

200 (30) 300 (45) 

0.5 0.333 

53 (128) 53 (128) 

122 (252) 168 (335) 

512 (922) 512 (922) 

634 (1174) 680 (1257) 

742 (1367) 680 (1257) 

T2 P2 P2 P2 
Tl = 1.118 foy' PI = 1.5; 1.21 for Pl = 2; 1.353 for = PI = 3 

C 
K = ~ - 1.38 for the wet, preburn containment gas C

v 
-

(2) (14000 F - 1280 F)/l.38 = 9220 F = 5120C 

(3) T2 [(1050 + 460)J 1.353 460 = 15830F = 8620 ( 

T2 [(1174 + 460)] 1.118 - 460 = 13670 F 7420 C 

A-2 


